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The decay energy spectrum for neutron unbound states in 24O (Z = 8, N = 16) has been observed for the
ﬁrst time. The resonance energy of the lowest lying state, interpreted as the 2+ level, has been observed
at a decay energy above 600 keV. The resulting excitation energy of the 2+ level above 4.7 MeV, supplies
strong evidence that 24O is a doubly magic nucleus. The data is also consistent with the presence of a
second excited state around 5.33 MeV which can be interpreted as the 1+ level.
© 2009 Elsevier B.V. All rights reserved.The determination of the numbers of protons and neutrons that
make up magic nuclei has been paramount in the understanding
of single-particle nuclear shell structure. Identiﬁed by large gaps
between ﬁlled single-particle orbitals (shell gaps), these magic nu-
cleon numbers give rise to distinct spectroscopic properties ob-
servable in nuclei. One of the strongest pieces of evidence for char-
acterizing a magic nucleus is the energy of its lowest excited state.
A magic number of protons, neutrons, or both (doubly magic), have
large energy gaps to the next available orbitals, greatly reducing
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doi:10.1016/j.physletb.2008.12.066the nuclear collectivity. This leads to a signiﬁcantly higher energy
for the ﬁrst excited state in magic nuclei compared to surrounding
neighbors.
It has recently been suggested that 24O is a doubly magic nu-
cleus having a closed proton shell of Z = 8 and a relatively large
neutron shell gap at N = 16 [1–4]. Evidence for the N = 16 shell
closure comes from a survey of the neutron separation energy sys-
tematics [5], the lack of a bound excited state [6], and the ground
state binding energy of 25O [7]. However, clariﬁcation of the de-
gree of deformation of 24O would come from the observation of
the lowest excited states, in particular the location of the Jπ = 2+1
level. Therefore, an experiment was performed to identify the po-
sitions of excited unbound states in 24O by neutron spectroscopy.
The experiment was carried out at the National Supercon-
ducting Cyclotron Laboratory (NSCL) at Michigan State University,
where an 85 MeV/u secondary beam of 26F was produced in
a 987 mg/cm2 Be production target by the fragmentation of a
140 MeV/u 48Ca20+ primary beam. Following the isotopic selection
18 C.R. Hoffman et al. / Physics Letters B 672 (2009) 17–21Fig. 1. The measured decay energy for 23O–neutron coincidences is shown by the
data points with their statistical error bars. The solid (black) line represents the
sum of the resonant (dashed, blue) and non-resonant (dash-dotted, green) con-
tributions. The resonance line-shape is an energy-dependent Breit–Wigner with
Edecay = 0.73(4) MeV, Γ = 1.8+>2.2−1.1 MeV and orbital angular momentum l = 2.
The data points in the inset show the observed velocity difference between the
23O fragments and neutrons. The solid line in the inset shows the total simulated
velocity difference distribution and is comprised of the same components as the de-
cay spectrum mentioned above with only the non-resonance Gaussian distribution
(dash-dotted line) shown. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this Letter.)
of 26F by the A1900 fragment separator [8], the secondary beam
passed through two position sensitive parallel-plate avalanche
chambers (PPACs) and then interacted with a 470 mg/cm2 Be
reaction target. 23O and other recoil fragments produced by the
secondary reaction were deﬂected 43◦ by a large-gap supercon-
ducting dipole magnet (Sweeper) [9] set to have a central track
magnetic rigidity of Bρ = 3.7755 Tm. The Modular Neutron Array
(MoNA) [10] detected the decay neutrons leaving the target within
an angular range of ±7.0◦ in the horizontal and ±5.6◦ in the ver-
tical directions. The beam characteristics and experimental setup
are identical to those shown in Ref. [7] and further details of the
analysis procedure may be found in Ref. [11].
Low-lying excited states in 24O are most likely populated by
the removal of a p-shell proton from the 26F secondary beam.
Recently it was shown that such a reaction mechanism in the two-
proton removal from 26Ne selectively populates neutron hole states
in 23O [11]. The direct removal of the valence proton together
with a neutron can also contribute and the two reaction processes
are indistinguishable in the present experiment. The neutron un-
bound states are reconstructed by the full kinematic measurement
of coincident 23O fragments and neutrons by the invariant mass
method. There is no evidence for a bound excited state in 23O [6],
so the detection of the 23O fragments and neutrons ensures the
unique identiﬁcation of the unbound excited states in 24O.
The reconstructed decay energy spectrum from approximately
400 23O–neutron coincidence events is shown by the black data
points, with their statistical errors, in Figs. 1 and 2. The observed
decay spectrum has not been corrected for the experimental ac-
ceptances and resolutions. The ﬁnal resolutions (FWHM) for the
angles and energies of the reconstructed 23O fragments at the tar-
get are 9.2 mrad and 1.07 MeV/u, respectively.
An energy-dependent Breit–Wigner line-shape was chosen to
describe the resonant features of the neutron decay spectrum fol-
lowing the R-matrix prescription of Ref. [12]. The total width of
the resonance state, noted as Γ , is determined by evaluating the
energy-dependent portion of the width (the penetrability function)
at the resonance energy (Edecay). The shift function is explicitlyFig. 2. The data points represent the measured decay energies for 23O–n coinci-
dences (same as in Fig. 1). However, the solid black line in this ﬁgure (which
provides a better ﬁt to the data) is composed of two independent Breit–Wigner
line shapes (dashed, blue and dotted, red) on top of the non-resonance Gaus-
sian distribution (dash-dotted, green). The lower resonance (dashed, blue) has
Edecay = 0.63(4) MeV and Γ = 0.05+0.21−0.05 MeV with the upper (dotted, red) hav-
ing Edecay = 1.24(7) MeV and Γ = 0.03+0.12−0.03 MeV. The decay paths of these two
states from the inferred 2+ and 1+ excited states in 24O to the 1/2+ ground state
of 23O are shown in the inset. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this Letter.)
included in the Breit–Wigner equation and has the boundary con-
dition set so that it will vanish at the resonance energy.
To directly compare with the experimental data, the Breit–
Wigner line-shape was used as an input decay distribution for a
Monte Carlo simulation. Included in the simulation were the de-
tector resolutions and acceptances for each particle. Also, a Glauber
reaction model was used and the angular straggling of the frag-
ments in the secondary target was accounted for. The overall ex-
perimental resolution for the 24O → 23O+ n relative decay energy
(Edecay) found from the Monte Carlo simulation was FWHM(keV) =
25
√
Edecay(keV) − 100(keV).
The non-resonant contributions to the decay spectrum were
best represented by inputting a Gaussian decay distribution into
the Monte Carlo simulation having a central energy of Edecay =
10 MeV and a width of σ = 5.0 MeV. The choice for the Gaussian
line-shape was made clear when the relative velocity differences
between 23O fragments and their coincidence neutrons were in-
vestigated. The experimental relative velocity spectrum is shown
by the black data points in the inset of Fig. 1 along with the simu-
lated distributions shown by the lines. The cuts in the data around
±3 cm/ns are due to the experimental acceptance and they are
well reproduced by the simulated data. It can be seen that for large
relative velocity differences (less than −1.5 cm/ns and greater
than 1.5 cm/ns) the dominant component of the simulated total
distribution (solid line) is the non-resonance contribution (dash-
dotted line). This non-resonance contribution resulted from the
Gaussian distribution with the parameters given above, and it re-
produced the data very well. It should be noted that a variation
of the central energy (8–12 MeV) and the width (4–6 MeV) of the
Gaussian distribution had negligible effects on the shape of the
ﬁnal decay spectrum since only the low energy portion of the dis-
tribution was within the experimental acceptance.
The possible values of the orbital angular momentum (l) avail-
able as parameters for the Breit–Wigner line-shape may be con-
strained by a theoretical examination of the structure of 24O and
its possible neutron decay paths. In the simple single-particle
model, the conﬁguration for the 0+ ground state of 24O (Z = 8,
C.R. Hoffman et al. / Physics Letters B 672 (2009) 17–21 19N = 16) consists of protons ﬁlling the π0p1/2 orbital and neu-
trons ﬁlling the ν1s1/2 orbital. Promotion of a neutron into the
ν0d3/2 orbital, leaving a single neutron hole in the ν1s1/2 level,
creates the lowest excited state conﬁguration assuming a strong
proton shell closure. This (ν1s1/2)1 ⊗ (ν0d3/2)1 conﬁguration gives
possible spin-parity ( Jπ ) values of 1+ and 2+ . Both of these ex-
cited states must be neutron unbound as no evidence for a bound
γ -decaying state was found in a recent study [6]. The decay of
the 2+ excited state to the 1/2+ ground state of 23O (N = 15)
would only be allowed by an l = 2 neutron (in the ν1s–ν0d sd
shell space), whereas the 1+ state may decay by either an l = 0 or
2 neutron.
A number of predictions are available for the energies of the
lowest lying excited states in 24O [1–3,13,14]. Each of these calcu-
lations predicts a nearby doublet of excited states having Jπ = 2+
and 1+ , with the 2+ level to lie lower in energy than the 1+
level. Coupled with the lack of an observed bound excited state
in 24O [6], the observation of a single resonance in the decay spec-
trum would most likely be from the 2+ excited state. This would
result in an l = 2 orbital angular momentum for the decay neutron.
The calculated spectroscopic factor between the 1+ state in 24O
and the 1/2+ ground state in 23O for an l = 0 neutron is consis-
tent with zero using the universal sd shell model interactions [1,2].
Thus, it is highly unlikely that the 1+ state decays with any rea-
sonable amount of l = 0 orbital angular momentum. If the 1+ state
were apparent, it too would decay primarily by a neutron with or-
bital angular momentum l = 2 and could be well described by a
single Breit–Wigner line-shape.
Two independent ﬁts to the experimental decay spectrum were
completed. The ﬁrst ﬁt assumed a single resonance (likely the ﬁrst
2+ excited state), and hence, included only a single Breit–Wigner
line-shape with orbital angular momentum l = 2. The second ﬁt
to the data inferred two excited states, possibly the lowest 2+
and 1+ doublet of excited states, by including two independent
Breit–Wigner resonances each with l = 2 orbital angular momen-
tum. A non-resonant decay distribution with a Gaussian shape, as
described above, was also included in both ﬁts and the amplitude
of the distribution was allowed to vary freely.
A ﬁt which minimized χ2 was completed for a single Breit–
Wigner shaped resonance having an angular momentum of l = 2
and a non-resonance Gaussian distribution. The decay energy
(Edecay), width (Γ ), and the amplitudes, were each free parameters
of the ﬁt. The best ﬁt to the experimental data is shown in Fig. 1
where the solid black line represents the sum of the resonance
(dashed, blue) and non-resonant (dash-dotted, green) contribu-
tions. The minimum reduced chi-squared value of χ2red = 1.8 was
found for a decay energy of Edecay = 0.73(4) MeV and a width of
Γ = 1.8+>2.2−1.1 MeV. The upper limit on the width is due to the
saturation of the Breit–Wigner line-shape with l = 2 angular mo-
mentum for such large Γ . Above Γ = 4 MeV the variation of the
line-shape is negligibly small relative to the experimental resolu-
tion, therefore, the change in the calculated χ2 value is minimal
and the 1σ upper limit for Γ is not reached.
The single-particle prediction for the width of an l = 2 neutron
decay at an energy of Edecay = 0.73 MeV is Γsp = 0.06 MeV [15].
The measured width at its 1σ lower limit (Γ = 0.7 MeV) is an or-
der of magnitude larger than the calculated single-particle width.
The width at this lower limit correlates to a spectroscopic factor
greater than 10, which is quite large for an orbital with a predicted
occupation of ∼ 1 [1–3]. Although the presence of a neutron skin
in the 23O ground state [16] may result in a larger decay width
due to its extended matter distribution, the radius needed for the
potential of the single-particle prediction would be unphysical, i.e.
larger than 7 fm. Hence, a single resonance with a decaying neu-
tron of angular momentum l = 2 is inconsistent with the data.A minimized χ2 ﬁtting to the data was also completed for two
independent Breit–Wigner line shapes and a non-resonant distri-
bution. This ﬁt allowed the resonance energies, widths, and am-
plitudes to be free parameters as well as the contribution from
the non-resonance component. An angular momentum of l = 2
was used for both resonances as the l = 0 decay to the ground
state of 23O has been ruled out by its predicted zero spectroscopic
factor as mentioned above. A minimum reduced chi-squared of
χ2red = 1.4 resulted from decay energies of Edecay = 0.63(4) MeV
and Edecay = 1.24(7) MeV, with widths of Γ = 0.05+0.21−0.05 MeV
and Γ = 0.03+0.12−0.03 MeV, respectively. The upper limits on the de-
cay widths show the 1σ limit of the χ2 ﬁtting while the lower
limits show an agreement of Γ = 0 MeV within the 1σ limit.
This best ﬁt to the data, composed of the low energy resonance
(dashed, blue), high energy resonance (dotted, red), and non-
resonant (dash-dotted, green) contributions, is shown by the solid
black line in Fig. 2.
The single-particle calculations for the widths of the two res-
onance states at Edecay = 0.63(4) MeV and Edecay = 1.24(7) MeV
are Γsp = 0.05 MeV and Γsp = 0.22 MeV, respectively [15]. The
predicted single-particle width of the lower energy resonance is in
excellent agreement with the observed value Γ = 0.05+0.21−0.05 MeV
while the higher energy resonance has a calculated single-particle
width that is larger than the 1σ upper limit, Γ = 0.03+0.12−0.03 MeV.
It should be noted that the single-particle widths are compared to
the observed results assuming a spectroscopic factor of 1. Also, al-
though the observed widths are each consistent with Γ = 0 MeV
inside of 1σ , and this may indicate an inadequacy for the pres-
ence of two excited states, the energies of the observed widths at
which χ2 is a minimum are indeed above 0 MeV (Γ = 0.05 MeV
and Γ = 0.03 MeV). Therefore, the experimental data is consis-
tent with the presence of two independent resonances in the decay
spectrum.
Overall, the presence of two nearby resonances in the observed
decay spectrum gives a slightly better reproduction of the data
over the single resonance ﬁt. Coupled with the fact that a doublet
of states (2+ , 1+) with nearly identical conﬁgurations are predicted
by each theoretical model [1–3,13,14], the results of the two reso-
nance ﬁt has been adopted as the description of the observed data
in this work. Hence, it is believed that there is a presence of two
low-lying unbound excited states in the 24O decay spectrum.
The spin-parity values of the observed excited states may be
inferred if we revisit the theoretical arguments presented above.
As previously stated, the lowest excited single-particle conﬁgu-
ration in 24O (1p–1h) results in either a 2+ or 1+ level, with
all theoretical calculations predicting the 2+ state as the low-
est in energy [1–3,13,14]. The observed resonance at Edecay =
0.63(4) MeV can therefore be assigned to the 2+ state in 24O
and the Edecay = 1.24(7) MeV decay energy to the 1+ excited
state. The decay scheme for these two excited states in 24O, which
decay to the 1/2+ ground state in 23O, is shown in the inset
in Fig. 2. The ratio of the intensities of the lower-energy de-
cay branch (Edecay = 0.63(4) MeV) over the higher-energy decay
branch (Edecay = 1.24(7) MeV) is 1.4(2). This value is consistent
with the expected statistical population of the 2+ and 1+ states,
(2 J2+ + 1)/(2 J1+ + 1) = 1.67, from the knock-out reaction on 26F.
This agreement further supports the appearance of two resonance
states in the decay spectrum as well as the inferred spin-parity
values of these two excited states.
The mass difference between the 23O and 24O ground states is
needed in order to calculate the excitation energies of the inferred
2+ and 1+ states. The excitation energy is given by Eex(24O) =
Sn(24O)+ Edecay. Recently, the ground state masses of a number of
neutron-rich nuclei in the A ∼ 20–40 region have been measured
or re-measured [19]. From this work, the accepted mass excess for
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+
1 excited states in
24O
are shown by the black squares, with the size of the symbol representing the un-
certainty. The predicted energies from a number of theoretical calculations [1–3,13,
14,17,18] are also shown by the different lines. The experimental excitation ener-
gies were determined using Eex(24O) = Sn(24O) + Edecay, where the more recently
measured Sn value (4.09(10) MeV) for 24O has been used [19].
24O (18600(100) keV) was found to be ∼ 470 keV more tightly
bound than previously listed in the 2003 Atomic Mass Evalua-
tion (AME) [20]. The remeasured 23O mass remained consistent
with the AME value [20]. Taking the newly adopted mass excess,
a neutron separation energy of Sn = 4.09(10) MeV is found for
24O (Sn = 3.62(15) MeV from the 2003 AME values). The excita-
tion energy of the 2+ and 1+ states are then E2+ = 4.72(11) MeV
and E1+ = 5.33(12) MeV above the 24O ground state. The locations
of these measured levels in 24O are shown by the black squares in
Fig. 3.
The size of the N = 16 shell gap between the ν1s1/2 and the
ν0d3/2 orbitals may be estimated by the energies of the 2+ and
1+ states if one assumes a simple single-particle picture. With
a closed proton shell at Z = 8, both of the excited states are
composed of the 1p–1h neutron excitation above the 24O ground
state; they are split by the 1p–1h residual energy. The 1+ en-
ergy (5.33 MeV) is raised and the 2+ level is lowered (4.72 MeV)
relative to the ν1s1/2–ν0d3/2 effective single-particle energy gap.
Taking the 2 J + 1 weighted average for the two states produces
an approximate N = 16 energy gap of 4.95(16) MeV. This value
is in excellent agreement with the size of the N = 16 shell gap
found from the ground state mass measurement of 25O (N = 17),
4.86(13) MeV [7]. Comparing this value to the size of the N = 14
(sub-)shell closure of 22O (EN=14 = 4.2 MeV) [6], we see an in-
crease of ∼ 700 keV between the N = 14 and N = 16 shell gaps
for the oxygen isotopes.
A number of theoretical predictions [1–3,13,14,17,18] for the ex-
citation energies of the 2+ and 1+ states in 24O are shown by the
lines in Fig. 3. The new universal sd interactions, found from a
recent ﬁt to the known experimental data [2], and the SDPF-M in-
teraction, which combines a modiﬁed universal sd (USD) and the
Kuo–Brown interactions to include the f p orbitals [3], each overes-
timate the absolute energies of the states. The USD05a interaction
does correctly predict the residual splitting between the two states
(∼ 600 keV). The continuum calculation using the HBUSD [13]
interaction and the predictions of the USD interaction each repro-
duce only one of the two excited states, as each calculation has an
overly large residual energy (∼ 1.1 MeV). The decay energy predic-
tions of Ref. [14] are the most consistent with the observed results
as their calculated values of E2+ = 0.61 MeV and E1+ = 1.35 MeV,Fig. 4. The experimental 2+1 energies for the even–even isotopes of oxygen (Z = 8),
including the present result at N = 16, are shown by the black squares with their
errors. Also shown are the experimental 2+1 energies for carbon (Z = 6) (upside-
down triangle, blue), neon (Z = 10) (diamond, red) and magnesium (Z = 12) (circle,
green) [21,22]. Clearly noticed is the increase in the 2+1 energy for 24O relative to
the nearby even–even nuclei indicating the large N = 16 shell gap for Z = 8. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this Letter.)
lie within ∼ 100 keV of the observed energies (E2+ = 0.63(4) MeV
and E1+ = 1.24(7) MeV). These calculations include the unbound
ν0d3/2 orbital in the wave function, supporting the direct handling
of the continuum when describing resonance states near the neu-
tron drip line.
The oxygen isotopes have a closed Z = 8 proton shell, and
therefore systematic investigations of the 2+1 energies in the even–
even isotopes show great sensitivity to the neutron shell structure.
To illustrate this, the energies for the ﬁrst excited 2+1 states in all
of the known oxygen isotopes (Z = 8, N = 6–16) [21], including
the present result at N = 16, are plotted in Fig. 4 by the ﬁlled
black squares. It should be noted that if one were to adopt the
single resonance results, then this state would most likely corre-
spond to the ﬁrst excited 2+ state and the excitation energy of the
state would then be E2+ = 4.82(11) MeV. This is 0.1 MeV higher
in energy than the two resonance determination. Hence, the dis-
cussions below are not effected by the choice of either the one or
two resonance ﬁts.
Viewed at N = 6 and 8 in Fig. 4, 14O and 16O have very high 2+1
states (6.5 MeV and 6.7 MeV) consistent with their ﬁlled ν0p3/2
and ν0p1/2 orbitals, respectively. As neutrons ﬁll the ν0d5/2 or-
bital (18O and 20O), the 2+1 energy shows a drop of a factor of ∼ 3
due to the deformation caused by the partially ﬁlled neutron or-
bital. A full ν0d5/2 orbital again leads to the (sub-)shell closure at
N = 14 (22O) and is apparent by the increase in the 2+1 energy.
Finally, a full ν1s1/2 orbital at N = 16 (24O) leads to a dramatic
increase in the energy of the 2+1 level relative to the N = 10,12
levels and even the N = 14 22O level. Therefore, 24O has a clear
signature of an even–even doubly magic nucleus (Z = 8, N = 16),
namely a relatively high energy 2+1 excited state.
Also shown in Fig. 4 are the 2+ energies for the even–even car-
bon (Z = 6), neon (Z = 10) and magnesium (Z = 12) isotopes hav-
ing neutron numbers between N = 6 and 18 [21,22]. The energies
of the 2+1 levels for the N = 10 and 12 isotopes are very simi-
lar (∼ 500 keV) for all of the elements. At N = 14 (ﬁlled ν0d5/2
orbital) and N = 16 (ﬁlled ν1s1/2 orbital), the 2+1 energies of the
carbon (N = 14 only), neon and magnesium isotopes remain rel-
C.R. Hoffman et al. / Physics Letters B 672 (2009) 17–21 21atively constant as compared to the oxygen isotopes which rise
sharply. This reﬂects the increase in the N = 14 and 16 shell gaps
for Z = 8 relative to Z = 6,10 and 12, again supporting a doubly
magic 24O.
The mechanism behind the appearance of these new shell gaps
for the oxygen isotopes has been attributed to the tensor force
[3,4]. When protons are present in the π0d5/2 orbital (Z = 10,12),
the ν0d3/2 orbital is drawn down in energy via the isospin com-
ponent of the tensor force, thereby reducing the N = 16 shell
gap. However, for the oxygen isotopes there are no protons in
the π0d5/2 orbital, allowing the ν0d3/2 orbital to remain at a
high single-particle energy. This creates the N = 16 shell gap and
the doubly magic nature of 24O (Z = 8, N = 16). The observa-
tion of 24O as doubly magic supports the new rule for magic
numbers stated in Ref. [23] and conﬁrms that two-thirds of the
known even–even oxygen isotopes have doubly magic characteris-
tics.
In conclusion, evidence supporting the doubly magic nature of
the neutron-rich nucleus of 24O has been found by the observa-
tion of the relatively high energy of the ﬁrst excited state. This
state, inferred to be the 2+1 state, has a high excitation energy as
compared to the same state in surrounding even–even nuclei. This
implies both a closed proton (Z = 8) and neutron (N = 16) shell in
24O. The measurement was done using neutron spectroscopy fol-
lowing a knock-out reaction from 26F.
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